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The present invent lor, relates to a process tor the 
5 preparation of carbon n.an.o tubes, particularly to a process 

enabling continuous bulk preparation of carbon naxanrubas or 
carbon nanofibers in which catalytic metal .na.nopa.rti ales 
baring preliminarily controlled composition, particle rice 
and particle distribution are continuously introduced. More 
ffi specifically, the present invention is to provide a process 

for the preparation or carbon nanotnfoes or nanoflbers, 
which comprises introducing in a gaseous phase a colloidal 
solution of metal nanoparticles, preferably containing an 
0|. ^ x ot - ol i , a o i on re into a 

IS heated reactor, and carbon nanotubes or carbon nanofribers 

obtained from the same process. Therefore, the present 
x < ^ i ' H i » 

Ba.ck.gr onnd Art 

M A m Co? aari ui s ? n which a carbo atom 

is bonded to neighboring three carbon atoms, chase bonded 
carbon atoms forming a hexagonal ring with other adjacent 
banded carbon atoms and such rings being repeated in a 



honeycomb pattern to form a sheer which rolls into a 
cylindrical tube. 

Such carbon nanotubes may have a diameter ranging from 
several angstroms (A) to several nanometers- Craa) , with the 

5 length ranging from ten- folds to thousand- folds of the 

diameter. Extensive studies have been carried out on the 
synehesis of carbon nanotubes since these nanotubes have a 
morphological feature as described above and excellent 
thermal,- aecb.as.ical and electrical characteristics 

m originating from their chemical bonding. It is now expected 

that utilisation of carbon nanotubes having these 
characteristics would lead to the development of nnmeraus 
products which still face the technical limitation of the 
existing materials, and to the imparts t ion of new, 

IS previously unpossessed characteristics to developed 

products. 

For the synthesis of carbon nanotubes, various 
techniques have been proposed, including arc discharge, 
laser evaporation.,, thermal chemical vapor deposition (CvD) , 
20 catalytic synthesis , plasma synthesis and the like [Bee US 

Patent 5,424,054 (arc discharge); Chenu Phys , Lett. 243, I- 
12 0.935) (laser evaporation) ; Science, 273: 4S3-487 
uu^; f > c v « , . > . -\"d»,Mi u~srrfKv-- 
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synthesis); us Patent 6,221,330 (gaseous phase synthesis); 
WO 00/ 3 £13 8 (gaseous phase sysihes 01- i thes methods 
carbon, nanotabes are synthesized under severe reaction 
conditions,- tor example,, at high temperatures of several 
Id v i degrees 1j or 

in vacuum;. Farther, the type of. reaction used is a batch- 
type reaction, instead of a continuous flow type reaction, 
snob that continuous preparation of carbon nano tubas is 
ncj — . oj .Aro-aM e* <. no hoc: !.o.:? rhes are 

produced in baton reactions. 

Accordingly, said methods have the problem of f&oiag 
limitation in mass production of nanotuhes at low- co-sta, 
and therefore it is desired to develop a suitable process 
for ' v pi se synthes t\ for 

continuous synthesis which is industrially useful, 

Tha Galcridge feticmal Laboratory and fc. tb Smaller et. al 
of Rice tZhiversity in the United States reported 
respectively processes for the synthesis of carbon 
nance ubss in the gaseous phase. In these gas -phase 
synthetic processes, an cegacorastallic compound in which a 
transition metal is bound to an. organic compound in the 

uh ' has f e: <. v ^ ire if 

is introduced in the solid state into a reactor as a 
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catalyst promoting the synthesis of carbon nanotubes - As 
shown in the above - man t i oned prior art, the conventional, 
processes tor the gas- phase synthesis of carbon narofchbes 
are carried out in a reactor that is divided into two 
S reaction sonss , A catalytic metal precursor is first 

introduced in the solid state to the first reaction zone 
where the precursor is vaporised in rhe molecular level by 

y u < ta v >l, cch ^ 
; ro £ ^ . e> s o a reaction so.no which is 

W i er ten • ; are 

subjected to pyrolyaia so that the ssetai atoms form 
sltrafine particles. These ultrafine particles aggregate, 
e tc i otjtmx, to form fine particles,, 
and then the fine metal particles may be used as the 
15 catalyst for the growth of carbon nanotnbesu However, it 

bees p ai , ies are required to have a 

< < N t> i i et< i to 

fuse". ion a 5 est diyst [See US Patent a ,221,330 or WO 
00/26138} . 

20 However, in the conventional gaseous synthesis methods 

for carbon naxrotuhes, catalyst particles form irregularly 
in the reactor,, and thus it is practically impossible to 
expect uniform growth of catalyst particles in. .controlled 



P i 



si:se. Moreover, as transition, metals differ fross each other 
in their physical properties, it is difficult to prepare 
nanometer- si sed catalyst particles comprising two or more 
transition ssetal species rod aving uniform composition and 
$ controlled size. Consequently, it is extremely difficult or 

hardly possible to produce characterised carbon nsnotuhes 
comprising tec or more transition metals in uniform 
composition. Furthermore, sixes? it is impossible to control 
the particle siss and met a: oompo - ^ 

W in the conventional gas-phase synthetic processes, it is 

difficult to produce carbon nanotnfoess of high purity. In 
particular, the process suggested by Small ey et al> has a 
drawback that the reaction should be carried out at 

15 The inventors of the present invention, have discovered 

that carbon nanotubes cars be produced by suspending 
o s 1 i ' s as 

a t on the 

properties of carbon nanotubes produced and simultaneously 
39 supplying a carbon source, and that most of the problems 

csa bj l N v " v 3 5 s -phase synt he as 
described above caxi i rcosn« is novel method. 

.According to the present invention, (a) since the 
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particle size and composition of the catalyst are pre- 
determined, the shape arid structure of the cartoon naaotaher 
prochiced thereby can be more easily controlled; {b} since 
the catalyst as well as ttoe carbon source can be supplied 
5 cant i nuousiy , continuous mass production of carbon 

>ano tubes la pos le; {a) since the carbon source is 

the process itself can be simplified; and Cd) since the 
i. > N the 

10 cartoon nano tubes or nanofibers having a variety of shapes, 

structures and properties can be prepared easily at 

the proces t t present 
invention is industrially very promising. 

i:5 Disclosure of Invention 

Therefore; the present invention is to provide a process 
for the prop,; r.s ?;■->: cd ...... o ao san.otubes or nanof itoers , 

characterised in that nanoparcicles of elemental metals or 
20 octal cooperate {hereinafter .. referred to as "metal 

naaoparticies" } or a coiioidai solution thereof are 
introduced in a gaseous phase into a reactor together with 
art optional cartoon source, and to provide carbon nano tubes 

6 
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or nanofibars thus prepared., 

According to a preferred embodiment of the present 
invention, metal nanopart icless are prepared in the form of 
5 s. col 1 o idai sola t i r i ac tant and 

then are introduced in a gaseous phase into a reactor. 

More specif icallve the process of the present invention 
consists of the , . steps: 

!al i oh tio 

10 nanopar tides in the presence or absence of a surfactant,, 

(2) introducing the resulting colloidal solution into a 
heated reactor together with a carrier and/or a carbon 
source, either separately or in the form of a gaseous 
mixture , and 

IS (3) forming carbon naxtotubes or nanofibers therefrom. 

According to a more preferred embodiment metal 
uauopsrt icles or a colloidal solution thereof may be 
introduced together with or separately from a carbon source , 
but preferably they are introduced in the form of a mixture 
20 for uhe for static tiforr rfoo mnotufoes 

e present invet > !! ;lnt 3 sopart Le or 

a colloidal solution thereof in a gaseous phase" .means 
suspending the fine nanometer- sired particles in a gaseous 

? 
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v. N or or atomizatiou, that Is, 
forming a gaseous colloid, ^thongfe the nanoparticl.es of 
the present invention way he used in the powder form., it is 
mere advantageous to use them in the form of a colloidal 
solution for the uniformity in the amount of supply, 
homogeneity in the mixing with the carrier and/ or the 
carbon source &i d tr«\ 
phase . 

In. general, a colloid represents a solution of solid 
particles whose sise ranges from 1000 Ba (Dal ton, a unit 
for the molecular weight) to Q.45 urn {or 0,2 *aa) . However, 
!5 a colloidal solution" used herein- means a solution 
comprising particles of a few nanometers to a few hundred 
e Lly precursors thereoi as 

'well v 

In the present invention, the tern "nanopar tides of 
elemental metals or metal - ^; " £ "metal 

nannpsrticles" means nanoparticies having an average 
particle sire in the order of nanometers, for erample, of a 
few nsnomeuers to a few hundred nanometers, in which the 
m 1 Is exist i.n the ele&entai and/or compound forms. it 
also means nanoparticies including those liquid particles 
hiring a size in the above -described range, which axe 
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obtained by dissolving or dispersing elemental metals or 
metal compounds in a solvent {e.g., sol particles) f or the 
particles of so emulsion or a dispersion. 

The metals in the saetai oaoopa;rt:icles of the present 
5 invention may be present in she form of elements, inorganic 

or organic compounds, or mixtures thereof, and may consist 
of a single metal species or of two or more species, snob 
as in the form of an alloy or a composite*. 

Bereinbeiow, the invention will be explained in more 
m detail. 

When the particle sise is in the order of nanometers 
(typically 300 ran or less), the particles may be different 
from those of larger sizes in their properties and 
performance. Nanometer -sised particles have increased 
15 surface ares per unit mass, and subsequently show improved 

performance and altered properties such that the melting 
point of the particles decreases and the color or the 
particles varies « 

Further, the fine particles ox nanometer sise may he 
20 present in the state of being suspended in a gaseous phase 

o sa s; i N - esent in I 

studies to develop a method a way of using such nanometer- 
sired fine metal particles as a catalyst suitable for the 
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thesis o v lotubs reticularis/ I 

for the preparation of s c\ nasc-i abes in a gaseous N -j > 
To the inventors 5 knowledge, none of the methods that, have 
been proposed thus far make use of tine metal particles 
ed - idvaace , >,v eh are introduced in. a gaseous 
; s < to I < i e.si carbor; nanotubss 

Xsi the present invention, the metal nanop&rticles or a 
colloidal eolation thereof may be pre] o pies 
such as mechanical grinding, co~ pre e ipi tat ion , spraying, 
sol -go! 

inverse emulsion processing or the like. 

For example, 0S Patent; 5,238,628 discloses a process for 
pros f a sircoxrla 1 1 i rystal 

particles of 0.5 ,um or less in else by sol-gel processing. 
US Patent 5,911,365 discloses a process for preparing a 
solution or sol of stable oxide polyrungstate containing 
about 17% of tungsten oxide from a. solution of acidified 
tungsten oxide precursor by sol-gel processing* This 
< n are ^e* v. * ^ao< 

or distribution of the sol particles, but the particle sine 
is presumed to he of nanometer level, US Patent 6 ,107, 241 
discloses a process for preparing by sol -gel processing an 

p one titan \ ! peroxids sol haul; 3 a £ i i iae of 8 
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to 2C nm and a so" < ;rs of 1,4 0 fcn i.SOS wl i hi is 

tble h } ng term s m s.ge 3.1 roosi teaipe.? it ire OS Patent 
6,183,658 discloses a process for preparing nanometer - sized , 
t 3 \ < v viag a 

uniform particle sire distribution, the surface of which is 
ied with a silane i « - 5 j The 

above- listed patents are incorporated into the present 
invention for reference. 

In particular,. US Patent 5,147,. 841 discloses a process 
for preparing a colloidal solution of elemental metal 
naaopartieles by adding a metal salt to an organic solvent 
containing a surfactant to form homogeneous inverse micelle 
particles and reducing the metal salt within the micelle 

rticlee Phis patent , ' be prases 

invention, for reference* 

The particle size oi colloidal metal particles prepared 
according to the emulsion processing or inverse eriuision 
processing method ■ are generally of the order of several 

md m«ty he 

c c u t t xe x ©action i A 

surfactant is added so form homogeneous micelle particles 
and to prevent cohesion of the colloidal metal particles. 
As described above, the emulsion processing or inverse 

II 
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emulsion processing method is further advantageous in that 
metal particles containing two or more metal species may be 
prepared in the form of a composite or an alloy, and that 
the weight, the particle also and ita distribution of the 
metal salt micelles may be easily coat rolled by the types 
and amounts used of the surfactant and the solvent. The 
metal salt micelles having a controlled particle size and 
its distribution can be used as a catalyst either per se or 
after being reduced to elemental metal particles without 
substantial changes in the particle size and its 
distribution, This means that the composition, particle 
else and distribution of the metal nanopartieles used as a 
catalyst, can be controlled. 

Hence, in a preferred embodiment of the present 
invention, the metal salt micelle particles produced as 
described above are used as a catalyst either per se or in 
a reduced form. Specifically, the present invention 
provides a process for preparing carbon nenotubes, which 
comprises the following steps ; 

(la) preparing a colloidal solution containing metal 
salt nanoparticles by adding metal salts to a solvent, such 
as water, or a polar or roseola r organic solvent, 
containing a surfactant, 
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(lb) optionally reducing the metal salt nanopar tides in 
the colloidal solution, 

{2} introducing the resulting colloidal solution into a 
heated reactor together with a carrier and /or a carbon 
5 source, either separately or in the form of a gaseous 

mixture, and 

(3 5 forming carbon nanotnbss or nanof iters therefrom. 
The metals used in the present invention are not 
particularly limited, and may be any metals that can be 
10 Bimgly added or used as a catalyst in the process for 

preparing carbon nana tubes or .nan of iters , Brannd.es of such 
metals include transition metals such as iron, cobalt or 
nickel? noble metals such as platinum, or palladium? and 
alkali and alkaline earth metals. The types of the metal 
IS compounds which may be used in the present invention are 

not particularly limited, and examples include the 

tis listed above, tic 
borides, fluorides, bromides and sulfides, and mixtures 
thereof. If necessary, a metal which does not act as a 
20 catalyst in the process of the present invention may be 

d wit - \ it tal the forst oi an a3 ^£ a 

mixture, and this does not depart from the spirit and the 
scope of the invention > 
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Meanwhile., according to the present invention, the 
colloidal solution or metal nanopartiel.es; may exist ass a 
gaseous colloid for some time vines the droplet?? containing 
the metal particles are made to suspend in a gas, since 
* , c e v i> r.xrd tins p-i v < The 

methods to transform the colloidal solution into a gaseous 
phase and to suspend the droplets in a gas are not 
particularly limited, and conventional methods in the art, 
for example, dire ? , siphon spraying,, atom! nation, 

etc., may he used. 

The droplets of the colloidal solution corn ; s » 

nanopartieles introduced into a reactor in a gaseous phasse, 
as described above, are i\ , wtmed into 

nanometer - sim& metal particles owing to the high 
temperature in the reactor and may he used as a catalyst 
for the growth, of carton na no tubes . 

va:f tion f even if a 

colloidal solution containing nanopartieles of metal 
compouade such as oxides is introduced into the reactor 
without preliminary reduction, the particles are reduced 
into elemental metal particles in a short time because the 
fineness of the particles increases their reactivity; or 
unreduced e ray also b sed pes se i 

14 
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of synthesis ing carbon nanotuSes- 

In the present ixxventioto the surfactant terms fine 
micelle particles with the metal xxaxxopar titles is the 
solvent, facilitates uniform distribution of the metal 
S j< " maintains the sise of the metal particles by 

preventing the cohesion of the metal particles until they 

' % be 

nonioai >:::,, cationis, anionic or switterionie,. are all types 
of ear tact: act:, may be used, for example, hydrocarbons, 

10 silicone costpouadss, f 1 uorosarbon compounds and so on, The 

amount of the surfactant used in the invention is not 
particularly limited axid may be adequately selected hy a 
parson having ordinary skill in the pertinent art. 

Reduction of the metal salts may also he carried out by 

IS adding at least one reducing agent selected from the group 

consisting of, for exaxapl* , < o t as 

hyd rasi.se,, L<iBK., ; and SeBHo surfactants bavixxg a functional 
U ! with redlining power such as ethylene oxide; and 

organic compounds with reducing power. Reduction isay 

30 proceed to the extent that the metal salts are reduced 

partially or completely to metals, 

Solvents which may be used to prepare a colloidal 
solution include water, and polar or xxonpolar organic 
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solvents . A polar or aempolar organic solvent su&y be 
selected from thm group consisting of aromatic hydrocarbons 
such as benzene, toluene and xylene; aliphatic organic 
solvents such as herane, heptane end octane? polar solvents: 
3 such s tarsal ana ; pane mo; k cure thereof. 

In the present invention, the metal nanoparfclcl.es or the 
colloidal solution thereof may be let rode eed into the 
reactor together with, a carrier. As the carrier, mention 
may be made of inert gases such as argon neon, helium and 
10 nitrogen; and polar or norxpolar solvents aforementioned* 

Together with, the gaseous mixture of the colloidal 
solution and an opt Lo I socio 
or liquid carbon source may be supplied. As the carbon 
source, said surfactants and organic solvents may ha seed 
IS as they are, and other organic compounds selected from the 

group consisting of hydrocarbons such as carbon monoxide, 
saturated or unsaturated aliphatic hydrocarbons having 1 to 
6 cost s it 5 no ng 6 to ID 

oar boa atoms may be used as well. Such a carbon scarce may 
20 have 1 to 3 heteroatoms selected from the group consisting 

of oxygen , nitrogen, chlorine, fluorine and! sulfur,. 

Since she surfactant and/or the solvent of the colloidal 
solution, may also act as the carbon source, when, the 
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contents thereof are high., additional carbon sources may 
not be needed. 

According to a preferred embodiment of the present 
invention, a characterless gas euch as t , H,S or an, may toe 
3 supplied together with the carbon source, 

'tap process ji the \ , > a >j--<\; oat 

in a reactor used for reactions such ..as therm-si heating,, 
chemical vapor deposition iCVD; , plasma heating, radio 
«icy (R s so o owe c u type oi the 

10 reactor is not limited as long as carbon nanotohes may be 

- - < e reactic rrbor 

aaaotutoes or nanofibers using such reactors are described 
in the prior art above-mentioned. Therefore., without being 
part real arly' limited in the present invention, the process 
is parameters for carrying out the present invention, ouch as 

the temperature, time and pressure, may be easily decided 
by a person having ordinary skill in the art from said 
prior art. 

Meanwhile,, in the processes of prior art for producing 
20 carbon nanotahes in a gaseous phase in which metal 

particles are formed by aggregation of metal atoms and need 
as catalysts, it is reported that the lower reaction 
temperature results in. che smaller particle else of the 
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catalytic metal,, and subsequently in the smaller length and 
diameter of the carbon n&no tubes produced, However, as the 
carriole size of the catalytic metal ia adjusted before 
being introduced into the reactor in the process of the 
present indention, it is possible to control the length and 
diameter of the carbon nanetubes substantially irrespective 
of the reaction temperature, 

The process of the present invention :may be favorably 
applied to the syntheses of carbon nanotubes having various 
structures and morphologies as well as cube -typed nano- 
; ca.le si { m\, such 

the \ prise two or 

more metal species in any compositions. 

Brief Description of Drawings 

Flea re 1 is a schematic flow diagram showing bristly the 
p> as to synth 3 , 1 nanotubes of the present 
invention. 

Figures 2 to 6 are the scans N e tron .micrographs 
JEb > rancoission elect < M) of the 

carbon nanotubes prepared in Example 1 (Figure 2) , Example 
3 (Figure 3} ,. Example S (Figure 4} , Example 3 C Figure 5} 
and Example 13 {Figure 6) f respectively. 
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Figures 7 to 9 are the scanning electron micrographs 
( SEM) or 1 r c -f v PI, of the 

carbon nano tubes prepared by using a restal mixture in 
Bxample 26" , 

Figures 10 and 11 are the scanning electron micrograph 
and j electa Lcrograph oi be aphite 

naaof iters {(3MF) synthesized in Example 27. 

Pigu) ? raj the 

graphite narof iters synthesized in Example 28. 

Best. Mode oi Carry! eg Ore the o- nvr 

The present invention will be understood mores easily 
with reference to the following examples. However, these 
example; m i Lust rate th< a i are 

not to be construed to limit the scope of the invention, 
hxsmpje 1 

To 40 ml of foensene.. 3 .516 g (10 % by weight of benzene) 
of e \o\v b soroitan monolaurats {Tweexi-2Q} and 

0.0648 g ia guantity required for preparing a 0,0 1M benzene 
. b -j 1 i;.u*o 

for .24 hoars to give a solution of nanopartlcles . Teeenh-20 
is a aonionic suriacua ut wbieh pi ays a role of stabilising 
the nsnoparticlss to .be formed and reducing the metal ions. 
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It was confirmed hy : transmission electron microscopy 
w i taxioparticli c Lotion obtained $.1 
contained fin© metal particles with a si.se ranging from 2 
to 20 na . 

Reaction »as carried cut by introducing the obtained 
solution (0-34 ml /min) together with a carrier gas (ftr, 
flow rate? 100 seem) into a reactor at 300 1 for 2 0 minutes. 
The i ^] ^ J black 

The product obtained above was analysed by scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEH) . It , of 
a mean diameter of abont 60 nm were obtained, and. the SEM 
micrograph showing the nanotubes is shown in Figure 2 . 
Example 2 

"to ed t I ---,5 m 

xmple tr^ g (0.005 mo!) of LiBH 4 was 

gent j aud t niscturs »ra; tlrred for 
24 hoars to give a solution of riaaoparticI.es with a size 
angi.ng tro 5 to 0 as Somewhat severe fit 5 , a >e of 
the pa v 3 obs sd,- compared \< > no 

reducing agent was added. 

The eolation obtained above was introduced info the 
reactor in the same manner as in Example 1, and carbon 
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nanotubes with a sxaan diameter of about ?0 ruu sere obtained. 
* I 

Carbon nanotubes with a mean diameter of about 60 nm 
were obtained in the B&nm maimer as in Example 1, except 
5 thai , - a ox /leas wa used a; . N t 1 v« iy ho ? lace of 

ban sens. Tbe SBH suicrograpb of the carbon .aanotnbes Is 
shown in Figure 3 . 
Br snap I a 4 

& result analogous to that of Example 2 was obtained by 
10 performing the procedure in the sane manner as? in Example a, 

except that toluene or xylene was used respectively in 
place of benzene . 
example 5 

To 40 ifil of benzene, 3.S26 g (10 % by weight of heaaene) 
15 of cetyi trrmnthyl -ammoniumbroraide (CTAB) and 0.0648 g (a 

quantity required for preparing a C DIM benzene eolation} 
of FeCl, were added,, and the mixture was stirred for 24 
hours- CTAB ia a eationic surfactant which plays a role of 
stabilising the aanopartieles to he formed. 0.01 g (0.00SM) 
20 of LiBH 4 was added as a reducing agent to the above -obtained 

solution, and the mixture was stirred for 24 hours to give 
a oluti " i a ith a si.es ranging from 2 to 

20 nm :. 
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The solution obtained above was introduced into the 
1 - th < .... ie.3 i. ^ iQd carbon 

nanotubes with a mean diameter of about 70 urn were obtained. 
The sm micrograph of the carbon nanotubes is shown in 
5 Figure- 4. 

A result identical with chat of Exalte 5 was obtained 
lay performing the procedure in. the same manner as: in 
- ri.pl « 5, except that toluene or xylene was used 
18 esi tl\ in i • La t 

3 e 7 

.A solution of nanoparticles with a sdse ranging from 2 
to 20 ara was obtained in the sane manner as in Example 5 . 
except that an anionic surfactant, sodium dodseyl- sulfate 
15 (sds) , was used. 

The solution obtained above was introduced into the 
reactor in the same manner as r xaepie 1, and carbon 
nanothbes with a mean diameter of about 70 an; were obtained, 
axaifiple 8 

20 A result; identical with that of Example 7 was obtained 

x - ocedus e s as in 

Sxarauie 7, except that toluene or xylene was used 
respectively in place of benzene- 
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A solution of nanopartielas with a s-isse ranging from 2 
to 50 Jim was obtained in the same .manner as in Exaasple 1, 
except that water was used in place of henssene as the 

5 solvent < 

The solution obtained above was introduced into the 
reactor in the same manner as in Example 1, but this time 
together with a carbon source (ethylene gas, 50 seem), and 
carbon nanotubes with a mean diameter of about 50 ma were 

10 obtained. The SEM micrograph of the carbon nanotubee is 

shown in Figure 5, 
Example 10 

A result identical with that of Example 9 was obtained 
by performing the procedure in the same manner as in 
IS Example 9 except that methane gas was used in place of 

k n source. 

^ , in a C va j c 

ahtained oy perii c in the same manner as in Examples 3 
a;} and 10, except that: ethane! was used in place of water. 

Hlx ample 13 

To a solution of nanoparticles prepared in the same 
manner as in Example 9, 0.065 g (0,005 mo! 5 of hydrazine 
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was added as a reducing agent, and the .mixture was stirred 
for 24 hours to give a solution of aanopart.icj.ee with a 
siise ranging from 2 to 50 s. Somewhat severs tioccviation 
of the particles re- obsess, d o spared vitl the rase where 
S no reducing agent was added. 

The solution obtained above was introduced into the 
er as in Example and carbon 

xianotubes with a mean diameter of about 80 nm were obtained. 
The SHM micrograph of the nanotubes is shown in Figure 6, 
10 Exarspla 14 

■ A result identical with that of Example S was obtained 
by performing in the same manner as in Example 9, except 
that methane gas was used in place of ethylene as the 
carbon source . 

To a solution of naropartieles prepared in the same 
server as in Example V 0 . 06'5 g (0.005 mol) of hydrazine 
was added as a reducing,, and the mtxl are was stirred feri 24 
hours to give a sole tier of nanoparticlss with a else 
20 ranging from 2 to SO nm. Somewhat severe floecuiation of 

the particles was observed, compared with the case where no 
reducing agent sag added. 

The solution obtained above was introduced into the 
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reactor in the .same manner as in Example 11,. and carbon 
i s mete f about N a- > e obtained 

: - ar; P ' a i € 

A result identical with that of Example IS was obtained 
by performing in. the earns _ v i 

that methane gas was need in place of ethylene as the 
carbon source „ 
Example I? 

A solution of oaeopartieles oith a si so ranging fx'ow 2 
to SO nm was obtained in the same manner as in Example 5, 
except that water was need as the solvent in place of 
benzene and 0.0065 g (a.OOS m&) of hydrazine was used as 
the re doe lag agent in place of 0,01 g (0,0 05 mol) of LiBH. 5 . 

-The solution obtained above was introduced into the 
reactor in the same saanser as in Sscample 1, but this time 
together with a carbon source (ethylene gas, 50 sec®) and 
with the reactor heated to aehhh Carbon nanotnfoes of a 

m diameter of ; N aine< 

Example IS 

A result identical with that of Example X, was obtained 
by performing the procedure in the same manner as in 
Example 17, except that methane gas was used in place of 
ethylene. 
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- sample S and 2 0 

Keeults identical with those of Examples 1? and 18 wet© 
obtained by j rasing me mann* scarspi* 2 7 

and 28,. except that e thecal was used in place of water, 
5 Ex. irpl x , i 

A solution of nanoparticles with a si so ranging I von; 2 
to 50 ran was obtained in the same manner ass in Example 7, 
except that water was used as the solvent in place of 
benzene and 0,0065 g (0.005 mol) of hydrazine was used as 
10 the reducing agent in place of 0.01 g (0.005 moi) of LiBRi . 

The solution obtained above was ft! o th« 

reactor in the &asm manner as in Example 1, but this time 
together with a carton source (ethylene gas, SO seem) < 
i a mean diaraete of ab u m wc; 

IS obtained. 

Ex:ac;pie 2 2 

A e u u ed 
by performing the procedure in the same manner as in 
Example 21 f except that methane gas was used in place of 
20 ethylene as the carbon source. 

A result identical with Example 31 was obtained by 
performing in the same manner as in Example 21, except that. 
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ethane! was used in place of water. 
t: } < 

A result identical with Example 22 sss obtained by 
performing in the same manner as in Example 22, except, that 
ethanol was used in place of water . 
Example 35 

Results analogous to those of Examples 1 to 8 were 
obtained by repeating the procedures of Examples 1 to 8, 

> , ' * the experiments were carried out in a globe box,, 
which is isolated from the outsi.de contact to prevent the 
formation, of metal oxides, in order to produce pure fine 
metal particles 

Described below is an exari 
nanotubes by means of catalytic imnopartieles comprising 
two metal species* 
Example 26 

This example illustrates the result obtained when a 
catalyst was prepared in which a metal selected Pt, o, Rli,< 
Ir; Ru, and W± known for their hign activity in 
deriydrogsnati.cn of hydrocarbons that: are used as the carbon 
source, and iron together form n.anepartioles , and was used 
in the synthesis of nanotwfeeSh 

To 40 ml of benzene, 3.516 g (10 % by weight of benzene I 
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of Tweari»2Q and 0,0648 g {a quantity required for preparing 
a 0>01M benzene solution) of FeCi, were added, and the 
mixture was stirred for 2 hoars. Then, HtPtCl,., FdCl, , 
ihirCx,, EuC'J, or SiCl,, was added to said mixture in an 
- >\i0.t ,n ;h \ or the v. ;m s ratio ::i Iron ; metal was 7 c 3, 
and the mixture was stirred for another 24 hours to give a 
solution of nanoparticies. 

It was confirmed by transmission electron microscopy 
(TsM) that the above -obtained nanoparticle aoluti.cn 
contained fine metal particles with a • size ranging from 4 
to 30 xm. The sisa of the alloy catalyst particles appeared 
slightly greater than that of the particles of pure iron 
obtained in other cases. However,, the site of the 
nanoparticles did not vary much with the type of metal. 

The solution obtained above was introduced into the 
reactor in the same manner as in Example 1, and carbon 
nano tubas with a mean diameter of about SO um were obtained.. 
It was recognised from Figures 8 and S that the 

~ ks more 3 sgui ir J I case 
ed ^ I > produced with v. alyst of 

iron only- 

Specifically.,. Figure 7 shows the result of the synthesis 
of nanotubes using the catalyst made of an alloy of iron 
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and nickel,, and it shows that nanotubes ware produced 
uniformly in a large quantity. Figure 8 snows the result 
of the synthesis of nanotubes using a catalyst .made of an 
alloy of iron. a»d platinum, and it stows that the 
arrangement was more regular, compared, with the ease where 
a catalyst of iron only was nsed ; and that apparently the 
byproduct of carbon black was not produced. Figure 9 shows 
the result of the synthesis of nanotubes using a catalyst 
made of an alloy of iron and palladium. 
Example :F7 

This example illustrates the result obtained when 
nanometer- sized catalyst particles comprising iron and 
cooper were prepared, and need in the synthesis of nanotubes 
in order to synthesize graphite Earno fibers (chUF) which are 
utilized in the media for tha storage of hydrogen. 

To 40 ml of benzene, 3. SIS g (10 % by weight of .benzene) 
of Twees* 2 0 and 0 . 0648 g (a quantity required for preparing 
a 0.01M benzene solutions of FsCL were added f and the 
mixture was stirred for 24 hours. Then, CuCl, was added to 
said mixture in an amount such that the atomic ratio of 
iron ; copper is 3 ; 1, and the mixture was stirred for 

, i Le with a 

size ranging from 4 to 39 rim. 
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The solution obtaiiied above was introduced into the 
reactor in the same manner as in Sscansple 1, and GhF with a 
mean diameter of about 100 rati were obtained. The sm and 
TKM micrographs thereof are shown in Figures ia and 11. 
trample 2 8 

In this example, the same process was repeated under 
different reaction conditions using the nano-sired catalyst 
particles prepared in Example l f in order to synthesi.se 
graphite nanofibers (<3HF) which are utilized in the media 
for the storage of hydrogen. 

' Reaction was carried out by introducing the abo^e- 
obtained solution (0.34 ml/min) and £hS gas (10 mm) into a 
reactor at BOO °C, together with a carrier gas {&r< flow 
rate: 100 seem) for 20 minutes, and the product was 
obtained as a black powder. The product obtained was 
analyzed by scanning electron microscopy (SBMj and a 
transmission electron microscopy (TEM) to find that mw 
with a mean diameter or about SO nm were obtained., the TKM 
micrograph or which is shown, in Figure 12. 
Example 23 

This example illustrates the result obtained when nana- 
sized catalyst particles comprising iron and atomic sulfur 
were prepared and used in the synthesis of n arc tares in 
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order to synthesize graphite .n&nofibers (GHF) which are 
utilised in the .media for the storage of hydrogen. 

To 4 0 ml of benzefce, 3. SIS g (10 % by weight of hensene} 
ox Tween*~20 and 0,0648 g (a quae: icy required tor preparing 

5 a 0.01M benzene solution) of FeCi 5 were added t and the 

mixture was stirred tor 2 hours. Then, iSia.S was added to 
said mixture in aa amount such that the atomic ratio of 
iron s sulfur was 1 » 2, and the mixture was stirred for 
another 24 hours to give a solution of uanoparticles with a 

10 size ranging from 4 to 3 0 :n.;;u 

The solution obtained above was introduced into the 
reactor in the same mmxmr as in Example 1, aad OT? with & 
mean diameter of about 100 xm were obtained. 

15 . a I ity 

In conclusion, according to the present invention, since 
the particle sise and the composition (the types and 
proportions of the metals) of the metal catalyst introduced 
are adjusted in advance, the morphology and structure of 

2t» e call k oed may be mors ?a 

Further, as the trust a! catalyst can be supplied continuously, 
cum ton n-.5notubos may be produced c -c - - \ - : 

scales, sad the supply of the metal catalyst together with 
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a carbon source from tha outside allows simplification of 
fcha process as well, as the apparatus. Also, since the 
reaction conditions are mild, carbon nanotttbes or graphite 
natiOf.itoers having various morphologies, structures and 
characteristics oay be produced easily at reasonable costs. 
Hence, the process of a: present, invention is highly 
reproducible and industrially piosiisinf . 
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iCnat is claimed is 2 

1. A process for the preparation of carbon nanotabes, which 
comprises x 

CI) preparing a colloidal solution containing metal 
5 nanoparticles in the presence or absence of a. surfactant, 

{2} introducing the resulting z&11q1 &3 solution into a 
heated reactor together with a carrier and/or a carbon 
source either separately or in the Zaxm of a gaseous 
mixture, and 

m (3) forming ca tanoi bes herefroau 

: 2., The process according to claim 1, which comprises; 

(la) preparing a colloidal solution containing metal 
v** i»i t o elea by adding a metal salt to a solvent 
selected from water, or polar or nonpolar organic solvents, 
IS which contains a. surfactant, 

lib) optionally reducing the metal salt nanoparticles in 
the colloidal solution, 

introducing the resulting colloidal solution into a 
heated reactor together with a carrier and/or a carbon 
20 source either separately or in the form of a gaseous 

mixture * and 

(31 forming carbon nanotubes or nanofibars therefrom. 
3. The process according to claim 1, wherein the surfactant 
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is selected £rom the group consisting of aonionic, catioaic, 
sniorhc and 1 rer t e surfactants of hydrocarbons , 

Silicones and fluorocarbons . 

4. The process according to claim 2, vd-ereir the reducing 
5 agent is selected from the group consisting of inorganic: 

oompouixds snch as hydrazine, LiBH 4 and MaBH... ; stir fact ants 
having a functional group with reducing power such as 
ethylene oxide? organic compounds with reducing power; and 
mixtures thereof . 

10 5. The process according to claim 1, wherein the polar or 

non-polar organic solvent is selected from the group 
consisting of aromatic hydrocarbons such as benssene, 
toluene and xylene; aliphatic hydrocarbons such as hexane f 
heptane and octane? alcohols such as ethanol and propane! ? 

IS water; and mixtures thereof. 

6:-. Trie process according to claim 1, wherein the metal used 
is at least one metal selected from the group consisting of 
transition metals, noble metsls, alkali metals and alkaline 
earth metals. 

20 7, The process according to claim 1, wherein the metal of 

the metal nsaoparcicles is selected from the group 
sting 3 element asr.ais i c i ^< ~ rides, 

horideca fluorides, .bromides and sulfides,, and mixtures 
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8 . The process according to claim 1, wherein the resulting 
colloidal solution is introduced contiguously into fcfce 
reactor for continuous production of cartoon nanotubss or 

$ narsofibers. 

The process according to claim 1, wherein the gaseous 
carbon source is selected from the group consisting of said 
surfactants, said solvents, carbon monoxide, saturated or 
•unsaturated aliphatic hydrocarbons having 1 to S carbon 

to atoms, and aromatic hydrocarbons having 6 to XG carbon 

atoms, which may have 1 to 3 heteroatoms selected from the 
group consisting of oxygen, nitrogen, chlorine, fluorine 
and sulfur. 

lot The process according to claim S, where ia a 
1$ characterised gas such as H*, HL,S and m s is additionally 

Supplied. 

11, The process according to claim 1, heroin said reactor 
is a reactor used for reactions such as thermal heating, 
< <*n~. vcuko deposition (CVX0 , plasma heating and radio 

70 frequency (RF) heating. 

12, The process according to claim :!., wherein the metal 
nanoparticles or the colloidal solution thereof is prepared 
by a method selected from the group consisting of 



raech&nxc&I grinding, co-precipitation, spraying, sol -gel 
processing,, electrolysis, emulsion processing and inverse 
essls.isn processing . 

13. Carbon nanotubee or nano fibers prepared by the process 
according to any of claims X to 12 . 
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